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ABSTRACT. The eftects of tenilmxturc :mtl str:iiii r:ttc. oil tlle tensile properties 
of recrystallized po\rder metallurg? tungsten rod I\ ere st l idid Tests w-ere con- 
ducted on a standard specimen (length/diuriieter = 4) at str:iin rates of 0.02 and 
2.0 per n h .  The strain-hardening e\ponent \\as dcteriiiined to v:try between 
0.075 and 0.90, increasing with increasing str& r:ite and decreasing temperature. 
lntercrystalliie-type fracture was observed at  the lower strain rate a t  all tempera- 
tures studied. This type of fracture is associated \\ it11 void forrn:ttion and grow-th 
and relatively low ductility values, bet\\ een 22 :md Xi‘,(, as inensured by reduction 
in area. A ductility niinimum occurs betbseeri 3000 and -1000 17 ( 1650 and 2200 C). 
Ductile transgranular fracture, a itli reduction-in-are& v:tlues bet\\ een 90 and 

was found between 2500 and 3400 F (13iO and ?!)SO C) at  2.0 per min, an 
order of magnitude lower strain rate than previously reported by others Above 
3000 F (1650 C) at the 2.0 per min str:iin rate, stress-induced gram growth ar- 
companied by a kind of sork softening :is sho\\n b~ true stress-strain curves 
:ippears to account for the high ductility measured. 

-4rc-melted and extruded tungsten and plasma-flaule single-crystal tungsten 
in rod form were studied a t  the lotier strain rate. These materials were found 
to have lower strength and higher ductility than pou der metallurgy tungsten in 
the temperature range studied. dS.11-SLd Clmaijcalion. 027, Q W p ,  Q26,2-61, 
3-63; W ,  4-t5t5. 

UxGs’rBx, tlic highest, mehhg metal T (6170 F or 3410 C), has received com- 
paratively little research attention at  
temperatures above 3000 F (1 650 C) . Low 
impurity levels are known to markedly 
affect the ductility (at, low and intermediate 
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tciuperaturr,) of tuug-ten and its sister 
metals molybdenum and chromium in 
Group VIn. Q u c 4 o n s  nhout the effect of 
Impurity 1c~\e1~ at  Iiigh tcmpcratures have 
not been fully answered. Further, the 
effect of grain boundaries on high-tempera- 
ture strength is not well understood. 
.I recent compilation (1) of tensile 

properties of tung-ten s h w  s that consider- 
ablp icatter c G t s  in strength and ductility 
data, pnrtic~ularly R ~ O V C  3000 F (1650 C). 
.Irc-iiic~lted t riiigstw i u  thv rwryhtallized 
stat(. rcnisin- ductilc al)o\(. YO00 F (1650 
C ) ,  :iiid t hc 1 ) o ~  der i~ic~tallurgy material, 
:is rec~y-tullizc~d, d l ib i tc  relatively brittle 
beha\ ior, particularly at strain rates on the 
order of 2.0 per inin and belon. Strain 
rate has hccn found (2) to hat\.(. a large 
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PROPERTIES OF TUNGSTEK FROM 2500 TO 5400 F 

TABLE 1. Chemical Analysis of Tungsten Materials 

composition, parts per million by weight 
Material 

0 N C Fe Ni AI Fi  Mo 

* " . , Y -  D-...rln* ....- - c . + , l l . v ~ g . r  I ..-. 1 3 -  5 5-16 9 -  4 10-40 ( 1  20-40 <!0-20 30-50 
Arc-melted 1 . 9 - 3 2  5 - 9  4 - 7  4 - 2 2  * * * * 
Arc-melted and extruded 1 . 2 -  8 . 5  4 -  8 < 2 -  5 <2- 9 * * * * 
Plasma-flamesin6le-crystal 4 . 9 -  8 7 3 -  7 6 6 - 9 8  20-40  <10 10-30 10-30 * 

*Not determined. 

TABLE 2. Powder Metallurgy Tungsten Tensile Properties at 400 F (200 C) 

Strain ratr 

0 02/mio As received 319.500 5 8 . 2  3 2 . 8  
Recrystallized* (j9,600 6 . 7  6 . 2  0.02/min 
Recrystallized* li7,200 6 . 8  6 . 2  0 02/min 

Ultimate tensile Reduction in Elongation, 
-~ strength. psi area, 9% % Condition 

* Recrystallized at 5150 F (2840 C )  for 10 min. 

effect on strength and duct.ilit.y; increasing 
strain rate increases both strength and 
ductility. 

From thc scatter within given sets of 
data and the differences among investiga- 
tions (2-6), it appears probablc that com- 
position, processing history, and testing 
technique have a significant influence on 
tensilt, properties, especially ductility. 
Testing techniques employed by others 
often involve sclf-resistancc, radiation, or 
clect,ron-beam heating of B specimen made 
especially long to accommodate cold grips. 
Such techniques are likely to introduce 
temperature gradients in the gage length of 
tJhe specimen. Longer-than-standard (-4 
tJo 1) gage length to diameter ratios make 
(,longation comparisons difficult. 

The present investigation was under- 
taken to establish reproducible tensile 
data, including stiess-strain curves, and to 
determinc, the fracture characteristics of 
comnicrcially pure tungsten. Using a 
standard spechcn in a hot-grip assembly, 
iiieasuremcnts were made to 5400 F (2980 
C). The effect of temperature and strain 
rate on recrystallized powder metallurgy 
tungsten was stutlicd. For comparison, to 
clctermine 1)ossiI)le structurc and impurity 
clffeets;. are-meltcd ant1 ostrutlrd tungsten 
and plasma-flamc. single-cryst:il tungsteii 
w r e  investigated. 
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Results of chemical analyses of thc. tung- 
sten materials used in the investigation are 
summarized in Table 1. The powder 
metallurgy (PAI) tungsten was obtained 
in the form of $-in. diam swaged rod. The 
table indicates the range of composition 
for the four Pill rods tested l'he material 
is further characterized in Table 2 by some 
400 F (200 C) tensile propertiei, in the cori- 
dition noted. By electropolishing, 0.008 
in. was removed from the diameter of these 
specimens prior to testing to minimize 
surface effects. 

Arc-mcltcd and eltruded (Ah1 & IC) 
material was made by arc-niclting $-in. 
diam swaged rod. Thr I$-in. diam cast- 
ings were eltruded to $-in. diam rod in 
a high-energy-rate cstrusion machine. 
Analyses (Table 1) for the arc casting and 
the subsequent extrusion (after surface 
cleanup) arc given to show that the com- 
position was essentially unchanged. 

Two plasma-flame (PF) hingle-crydal 
rods, noniinally p in. in diameter by 12-in. 
long, were used in this stud>. Thr ten- 
d e  alia wag determincd to t~ Iwallel 
within two degrees of the < I  I I > tlirtvtiou 
in both cr~btal.;. Kith the rweptioii of 
carbon content (Table I) ,  t l iv  coml)osition 
of the PF crystals did not differ markedly 
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RADIATION SHIELDS 4 
/ 

D 

3 
EXTENSOMETER 

FIG. 1. Specimen-grip assembly in suscvptor and induction coil. 

from that of the other two tungsten mate- 
rials. 

;ill specimens new heated at 5150 F 
(2840 C) for 10 min in a vacuum on the 
order of lo-' torr and then slowly cooled to 
room temperature prior to testing. This 
treatment resulted in an average grain size 
as determined by the intercept method of 
240 grains per mm2 for the PJI specimens 
and 10 grains per mm2 for the AM & E 
tungsten. 

APPARATUS AKD  PROCEDURE^ 
The tensile apparatus and procedures 

developed for this investigation have been 

described in detail (7). Principal features 
of the apparatus include a hot-grill 
assembly heated by radiation from an 
induction-heated susceptor, $horn in Fig. 
1; a dc gear motor-driven lead screm- giving 
strain rates from 0.005 to 5.0 per min on a 
0.6-IO-in. gage length yxrimen; and load- 
elongat ion recording instrumentation. 
Vacuum pumping on a water-cooled cham- 
ber enclosing the heatrr assembly provides 
pressures between2 x 10-4and9 X lO-'torr. 
Vacuum is measured by a hot-filament ion 
gage located in a 4in.  pipe elbow between 
the chamber and the diffusion pump. 

Temperature meahurements are made 
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0 20 40 60 80 100 120 
STRAIN, % 

T>.gicsl engiiieeriiig stress-strain curves for recrystallized powder inetallurgy tuiigsteii at 
t w o  strain ratex. 

\\ ith a disappearing filament-type optical 
1)) ronwter. The hot-zone enclosure has 
I)wn hhon n to  he sufficiently near blach- 
body conditiorii (7 )  to omit an emissivity 
c-orrection. Over-all accuracy in tempera- 
turc meawr(went ii con4dered to he +30 
F (*18 C). S o  temperature gradient 
(w\ t \  in thv q)ccinicii within the limit of 
tlrtt~ction of the pyrometer, that is 10 
F (6 C). 

’l’he q)c~inicm conforma to thc It-4 type 
(8) nith a dianieter of 0.160 in. and a 
lcngt h-to-diameter ratio of appro\imately 
four. The \(.at in the grip is a negatile 
replica of the q)ecimen 5houlder fillet. 

The heating rate is dependerit on the 
vapacity of the vacuum system to maintain 
the desired pressure while handling the out- 
gasing load due to  heating. -15 a reiult, 
33 hi- are required to  reach 5400 F 
(2980 C). ‘I’he speeimcn is held 10 min a t  
tvst trmpcrat tire, t h c ~ i  \trained at cwnstant 
Icad-\c~en sl)cwl to fracture. 

K1 YULTh .451) I)IsCUSSIOK 

Stress-Strain Curves and Strain-Hardening 
Bi ponent 

Tyl’ical cmgiiicwi~ig itio5~,train curves 
for rccrystallizcd PJI triiigztc)ii tcstcd a t  

two strain rates, 0.02 and 2.0 per min, at 
4000, 3500, and 5000 F (2200, 2480, and 
2760 C), are presmtcd in Fig. 2. Thrw 
curves, as comparctl to room-temperature. 
st,ress-strain curws fcr most materials, 
present some untiaunl featurc~a. Ai t  tlw 
2.0 per min st,rain rate the onset of necking 
is not associat,ed with the masinirim load, 
hut with much loncr loads ( ~ 5 0 % )  at 
strains on the order of loo’%. The curves 
a t  the 0.02 per min strain rat(., although 
similar in shape, show considerably less 
st’rain. Fract,ure occurs without, necking. 

The features of thr enginccring stress- 
strain curves suggest looking at true-stress 
- true-strain plots for furthw insight. 
Four true-stress - triicb-strain curves wcrc: 
plotted (Fig. 3) for t’he 2.0 per min strain 
rate, assuming constant volumr and m i -  
form elongation to  the point of necking, 
which is very nearly true. Normal he- 
havior is exhibited a t  2500 F (1370 C) 
and seenis to  be associated with a lack of 
stress-induced grain growth. .\s discussed 
later, grain growth does not ocrur below 
3000 F (1650 C) at, this strain rate. The, 
cwrves at higher tcrnl)eraturcs have slightly 
negative to nearly lrvcl slopes in the strain 
rcgion aftw inaximu~n strain. This irnp1ic.s 
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F16.3. True >tress as a €unction of true strain at a stram rate of Z . O / r r m  and varioub temperatures 
for recnstahsed powder metallurgy tungsten. 

iome form of work softening possibly 
a-ociated I\ ith grain gron-th. 

1 he true--tre>b - true-strain curve> for 
the 0.02 per min rate are given in Fig. 4. 
Constant volume i* not maintained during 
uniform elongat ion beeaue of internal void 
formation ranging from 3 to 8 vol yo. -4 
correction for void volume was made when 
plotting the curves. The shape of the 
wrws is consiytent 1% ith that at the higher 
strain rate (Fig. 3) in that normal behavior 
is seen at  3000 F (1650 C ) ,  and transition 
behavior to work softening at 4000 F (2200 
C) and above, where grain growth takes 
place. 

One important parameter obtained from 
a true-stresi-true-strain curve ib the strain- 
hardening elponent. A true-stress - true- 
strain curve or flow curve may be expressed 
by the equation u = KC", where u is the 
true stress, K is the strength coefficient, 
e is the true strain, and n is the strain- 
hardening exponent. Thus n is the slope of 
the nearly straight line obtained from 
a log-log plot of true stress and true 

r 7  

-train ul) to the point of maximum 
\tre\-. Value5 of n are p1ottc.d ab a func- 
tion of temperature for two strain rates 
in Fig. 5.  The value of n decreases with 
increa\ing temperature and decreasing 
strain rate. Two interesting points are 
noted in these data. First, although n 
is still decreaqing at 5400 F (2980 C) for 
the high strain rate, n appears to reach a 
minimum value of 0.075 at 4500 F (2480 C) 
for the low strain rate. Second, a depar- 
ture from a smooth curve occurs at approxi- 
mately 3500 F (1930 C) for both strain 
rates. This deviation may have signs- 
canee, for it is in this temperature region 
that the ductility minimum is found a t  the 
0.02 per min-strain rate and grain growth 
occurs a t  the 2.0 per min-strain rate. To 
the authors' knowledge no data are availa- 
ble for cornparibon. 

Tensile Properties of PM Tungsten 

presented in Fig. 6, 7 ,  and 8. 
Tensile data for the PA1 tungsten are 

Results of 
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FIG. 5. Strain-hardening exponent, n, as a function of temperature at two strain rates for re- 

crystallized powder metallurgy tungsten. 

Sikora and Hall (2) for &in. swaged PJI data points indicates excellent data repro- 
tungsten rod, recrystallized for 1 hr at 4050 ducibility, Considering the experimental 
F (2230 C),  are included for comparison. difficulties in this temperature region. 
The narrow scatter band of the present As shown by Fig. 6, the ultimate tensile 
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FIG.. G. Ultiinatc tensile atrengtlr as a function of temperature for recryatallized powder iiietal 
IurgJ- tuugsten at two strain rates. Dashed lines are data from Ref. 2. 

I 

strength is strain-rate dependent. The drain-rate dependence than strength. Re- 
present data agree with previous work (2 )  duction-in-area values (Fig. 7) in the 
on PM tunghten at 2.0 per niin, but differ present work show a notable deviation 
somewhat at the lower qtrain rate. from the comparison data at the higher 

Ductility is found to have a greater strain rate. Values of 90% or greater 
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two strain rates. Dashed line3 are data from Ref. 2. 
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FIG. 9. Ultimate tensile strength as a function of temperature for arc-melted and extruded tung- 
sten and plasma-flame single-crystal tungsten at the O.O2/min strain rate. 

were found over the entire temperature mum between 3000 and 4000 F (1650 and 
range. At the 0.02 per min strain rate the 2200 C). Elongation data (Fig. 8) also 
curves differ, principally below 3500 F differ in magnitude although the general . 
(1930 C), but both show a ductility mini- trcnd is similar. Elongation rcachcs a 
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FIG. 10. Reduction in area as a function of temperature for arc-incltcd and extrudctl tungsten 
and plasma-flame single-crystal tungsten at the 0.02/min strain rate. 
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for formation of voids. The actual tem- with decreasing strain rate, and is also 
perature a t  which grain-boundary sliding structure-sensitive. 
occurs is strain-rate-dependent, decreasing The upper temperature limit of the 
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maximum of 130% at 5000 F (2760 C) for 
the 2.0 per niin itrain rate and then 
decreaies. Only Glahier ( 5 )  has reported a 
drop in elongation value- Iwtneen 4000 F 
(2200 C) and 6000 F (3310 C ) .  At the 
0.02 per niin *train rate. reduction in area 
and elongation increaw hrtiveen 3000 and 
5000 F (1650 and 2i60 C) and derrcase 
<ornewhat at M O O  F (2980 C). -1 derreaie 
in reduction in area at hlgh temperatures 
has not previou4y been rcljorted. 

Diir-tiir trfinsgrmiilar fracture was oh- 
served at the 2.0 per min strain rate and is 
consistent with the high elongation and 
reduction-in-area value* obtained. Inter- 
crystalline fractures noted a t  the 0.02 per 
min strain rate are accompanied by void 
formation a t  grain boundaries perpendicular 
to the tenJle asis. Voids, not present after 
recrystallization, are nucleated and grow 
throughout the gage length during testing. 
Fracture orcurb at low values of engineering 
stress hecauie of a reduced cross-sectional 
area and poidhle internal \tress concentra- 
tion. Little or no necking accompanies 
fracture. 

Tens ik  Properties of PF ond -131 & E 
Tungsten 
Data for &ilI 8: E and PF 5ingle-crystal 

specimen.; at the 0.02 per min %train rate 
are giwn in Fig. 9, 10, and 11.  Both 
materials shon lower strength and higher 
ductility than PlI tungstrn, with a com- 
plete ahwnce of intercrystalline fracture a t  
all temlwratures, as indicated by the 99+% 
reducation-in-area values obtained. The 
-UI & E tungsten, as compared to  the PF 
4ngle-cry.tal tungsten, elhihits a higher 
elongation (Fig. 11) and *lightly higher 
drength Wig. 9), presumed to be related to 
compo4tion. orientation, and grain-bound- 
ar? effrct.. It is onlj in the elongation 
curves (Fig. 11) that a difference in duc- 
tility is obwved hetneen .IN & E and PF 
tungsten. 

Efwt of Grain Boundaries 
The effect of grain 1)oundaries on the 

high-temperature strength of metals i i  not 
. 

completely understood. Possible strength- 
ening effects are shown by the present 
data. Figure 9 shows that PM tungsten 
n ith 240 grains per mm2 is slightly stronger 
than +a1 & E tungsten with 10 grains per 
nim2. -1ssuming that grain growth during 
twting has little effect on ultimate strength 
(attained early in the deformation cycle) 
and noting similar material composition 
(Table I) ,  it appears that grain boundarieh 
in tungsten have a strengthening effect. 

.\lthough the higher rarbon content of 
PF tungsten might be espected to esert a 
*mall strengthening effect, PF tungsten is 
slightly weaker than the .I11 & E material. 
It is not clear, however, to what extent 
cryeta1 orientation (<Il l>)  or the lack 
of grain boundaries influence the results. 

I’oids and Intercrystdine Fracture 
The absence of voids and of associated 

intercryctalline fracture at the 2.0 per min 
strain rate in PJI tungsten deserves further 
consideration because of the profound effect 
this p1ienomc.non has on mechanical prop- 
rrties, particularly ductility. .ilthough 
it is known that increacing strain rate 
docreavs the tendency ton-ard void nu- 
rleation and growth and intercrystalline 
fracture, ~irevious data have not shown 
transgranular fractures in rod specimens at 
strain rates as low as 2.0 per min. 

The ductility of PM tungsten a t  elcvated 
temperatures has often been said to be low 
because sintered materials are inherently 
weak a t  grain boundaries. I t  now appears 
that this low ductility, which is character- 
ized by a minimum, is a manifestation of so- 
called “intermediate temperature” brittle- 
ness. This ductility minimum is associated 
with intercrystalline-type fracture and 
oherred in many metal3 at strain rates of 
0.02 per niin and below. 

Present fracture theories (9) describe a 
critical temperature region for inter- 
crystalline fracture as between approxi- 
mately 0.5 T, (temperature of melting, 
K )  and some higher temperature. Grain- 
boundary shraring or sliding begins at 
approsimatel~ 0.5 T, and is a prerequisite 
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FIG. 12. Percent increase in grain size rhange,during testing as a funrtion of teinperatiire :kt two 
strain rates for rem-ystallized poivcler Inetallurw tungsten. 

for grain growth than do 1’11 materials. 
In the present work, AM & E tungsten 
shows a knife-edge fracture a t  2500 F 
(1370 C), which is a low temperature for 
stress-induced grain growvth. .Is chemical 
analyses show the P1I and -111 & E speci- 
mens to be similar, either exceedingly small 
impurity lcvels or their distribution must 
account for the large differences observed. 
Having no grain boundaries, PF tungsten 
would not be expected to show void forma- 
tion and intercrystalline fracture a t  any 
strain rate, and none was observed in the 
present work. 

CONCLUSIONS 
1. The tensile properties of several 

tungsten materials were measured in the 
temperature range from 2.500 to 5400 F 
(1370 to 2980 C). Individual data points 
were found to be quite reproducible. 

A ductility minimum for PR/I tung- 
sten was found to lie between 3000 and 4000 
F (1650 and 2200 C) at the 0.02 per min 
strain rate, confirming the work of previous 
investigators. This minimum is considered 
from present work to be thc same “inter- 
mediate temperature” brittleness observed 
above 0.5 T, in many metals. Grain- 
boundary sliding in this temperat.ure region 
is thought to nucleate voids which grow by 
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2. 

a stre~s-intluc~~tl vacancy redistributioii 
process. 

3. Eiperimental data show that ductil- 
ity is regained in PM tungbten when the 
temperature and strain rate $re such as to 
produce stress-induced grain gron th. I t  is 
suggeytecl that grain growth during testing 
controls or limits void growth. Stress- 
induced grain growth is strain-rate-, 
temperature-, and impurity-level-de- 
pendent. 

4. The negative slope of the true- 
stress - true-strain curves for PM tungsten 
in the uniform elongation region following 
the maximum strength indicates that some 
form of work softening is occurring, proba- 
bly associatcd with grain gron th. 

5 .  The significant differences in dur- 
tility betn ern arc-meltcd tungsten and 
powder mctallurgy tungstcw ran be ex- 
plained by thr itress-induced grain growth 
process which occurs more readily in 
melted material. 

6. It appear5 that grain boundaries 
contribute to strength in tungsten in the 
temperature range studied. 

’ 

 ai^^^^^^^^^^^^,^^ 
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I ductility-minimum region has been as- 
hociated with recrystallization or grain 
growth. .It elevated temperatures, the 
ease of boundary movement is thought to 
prevent the necessary stress concentration 
for void nucleation and growth; either the 
houndaries move before sufficient stress can 
he built up to nucleate a void or the 
boundary moves some time during the void . growth cycle, thus preventing further 
growth. 

Stress-Induced &ain Growth 
1 5 t h  gciin-boundary shearing and move- 

ment and their possible effects in mind, a 
study of the microstructures of the frac- . tured specimens was made. This study 
revealed the occurrence of stress-induced 
grain-boundary motion or grain growth 
above 3000 F (1650 C) at the 2.0 per min 
strain rate and above approximately 4000 
F (2200 C) at the slower rate of testing. 
Figure 12 summarizes these data, present- 
ing the increav in grain size during testing 
as a function of test temperature for the 
two strain rates. Percent increase in 
grain size is defined as the difference in 
grain size between the specimen head and 
the uniformly deformed gage sertion away 
from the fracture, divided by grain size in 
the head, multiplied by 100. The effect 
of temperature alone is excluded by 
referencing the measurementh to the grain 
size in the undeformed head. 

Stress-induced grain growth is seen to be 
a strong function of strain rate and tem- 
perature. Above approximately 4500 F 
(2480 C) grain growth is observed to 
diminish a t  both strain rates. Although 
the causes of this decrea.;. are unknown, 
estremely high recovery rates at these 
temperatures may limit the &ring of 
energy available for motion. 

The ductile frarture shapes correlate 
well with the grain growth observed. A 
shear fracture a t  2500 F (1370 C), where 
little grain growth is observed, changes to  a 
knife-edge type more characteristic of 
single crystals above approximately 3500 
F (1930 C). Little difference in the shape 

I 

- 

of the fractures of the lowductility speci- 
mens was noted even above 4500 F (2480 
C) . 
;I bimilarity is noted in three curves at 

the lower strain rate : grain-size change 
(Fig. 12), reduction-in-area (Fig. 7), and 
elongation (Fig. 8), all plotted as a function 
of temperature. In the temperature region 
where growth is occurring, ductility is in- 
creasing, as shown by the reduction-in- 
area and elongation curves. 

growth were known, it might be possible to 
say which of the two processes, void growth 
or grain growth, is controlling ductility. 
In other words, is void growth limited by 
the onset of grain growth, or grain growth 
limited by the presence of voids and pos- 
sibly the total strain? A study directed to  
this question has only recently been under- 
taken at this laboratory. 

The experimental evidence suggests that 
grain growth, under the conditions where 
it occurs, limits void growth and therefore 
intercrystalline fracture. At the high 
strain rate very fern- voids are found, while 
at the Ion- drain rate grain growth occurs 
in the presence of voids a t  and above 4500 
F (2480 C) a? shown in Fig. 12. The 
higher stresses required for plastic flow at 
the higher strain rate can account for the 
ocrurrence of boundary motion a t  lower 
temperatures. Variations in impurity level 
or distribution may result in a different 
strain-rata dependence of stress-induced 
grain growth for various tungsten mate- 
rials. 

Below 3000 F (1650 C) high ductility 
a t  both strain rates is observed without 
grain growth during testing. The lack of 
grain-boundary sliding and hence void for- 
mation at these temperatures (below 0.5 
T,) is thought to account for the high 
ductility found. 

The absence of roid growth and inter- 
crystalline fracture in -\lI & E tungsten at 
0.02 per min strain rate is consistent with 
the idea of void growth being limited by 
boundary motion. Arc-melted materials 
are known to exhibit a greater tendency 

If the kiwtics of strcss-induced grzir? 
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Martens for many helpful suggestions and Torris, who were responsible for the 
to Mwsrs. Harry Tracy and Warren rslwrimental data. 
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